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a  b  s  t  r  a  c  t
This  study  introduces  the  ﬁrst micro-ﬂow–batch  analyzer  (FBA).  A  simple,  low-cost,  deep
urethane–acrylate  photo-resist  ultraviolet-lithographic  technique  was  used  in its  development.  Details
of the  microfabrication  process  are  presented  including;  the  use  of  two  superimposed  photo-masks
to  improve  the  micro-channel  and  stop  chamber  border  deﬁnition,  as  well  as  integration  of  an
LED/phototransistor  photometric  pair,  while  using  an  open  nylon-thread  (ﬁshing  line)  micro-mixing
system  for  solutions  homogenization.  The  system  was  used  for photometric  determination  of  Fe(II)  in
oral  solution  iron  supplements  employing  the  well-known  1,10-phenanthroline  method,  with  instanta-
neously  prepared  micro-chamber  calibration  solutions.  All  analytical  processes  were  accomplished  by
simply changing  the  timing  parameters  in  the  control  software.  It  must  be  emphasized  here  that  there  was
no  outside  preparation  of  the  standard  calibration  solutions;  the  mixing  was  all done  in-chamber/in-line,
with  all  solutions  maintained  ﬂowing  while  being  proportioned  for the  measurement  processes.  The FBA
results  were  acceptable  when  compared  to the  reference  method,  and  comparable  to normal  ﬂow-batch
systems.  It was  possible  both  to  project  and  build  a  low-cost  probe  with  high  sample  throughput  (about
120  h−1), low  relative  standard  deviations  (about  1.1%),  and  reduced  reagent  consumption  (30  times  less
than  the reference  method).  The  FBA  system  based  on  urethane–acrylate  presented  satisfactory  physical
and chemical  properties  while  keeping  the  ﬂexibility,  versatility,  robustness,  and multi-task  character-
istics  of  normal  ﬂow–batch  analyzers.  The  FBA  system  contributes  to the  advance  of  micro-analytical
alizininstrumentation,  while  re
. Introduction
Fonseca et al. [1,2] have recently, developed micro-devices
or ﬂow injection analysis (FIA) using deep UV-lithography and
rethane–acrylate photo-resist. Cured urethane–acrylate pho-
oresin presents good chemical solvent resistance, and has high
esistance to acids (37% HCl) and concentrated alkalis (40% KOH,
0 ◦C) [3].
Given the large number of papers exploring FIA miniaturiza-
ion, its success has been proven [4].  However, for each particular
ethod, FIA systems require a speciﬁc apparatus assembly, which
imits their widespread acceptance for routine laboratory analyses.
he washing times, ﬂow rates, reactors, tubing lengths and diame-
ers are all critical. Moreover, the sample is injected by carrier that
ransports it to the detector, the ﬂow reaching the detector has con-
entration gradients, which exclude discrete measurements (i.e.
here is a sample zone in the ﬂow), and decreases the analytical sig-
∗ Corresponding author. Tel.: +55 833 216 7438; fax: +55 833 216 7437.
E-mail address: laqa@quimica.ufpb.br (M.C.U. Araújo).
039-9140     ©   2011  Elsevier  B.V.  
oi:10.1016/j.talanta.2011.08.063
Open access under the Elsevier OA license.g  the  basic  principles  of  “Green  Chemistry”.
© 2011 Elsevier B.V. 
nal. To circumvent these drawbacks, ﬂow–batch analyzers (FBAs)
are a good alternative and have now been miniaturized.
During the last ten years versatile and ﬂexible ﬂow-batch
analyzers have been explored to automate various analytical pro-
cesses including screening [5–7]; titration [8–13]; analyte addition
[13–16]; internal standard solution addition [17]; and in line
matching of pH [18], salinity [19] or acidity [20] between standard
solutions and samples. Flow–batch has been used for prior assays
[9]; for developing titration concentration gradients [10], and con-
centration gradients for nonlinear calibrations [21]. Also included
are enzymatic [22], chemiluminescence [23], nephelometric [24],
and UV–vis photometric [25] analyses of pharmaceutical formu-
lations, as well as, in-line coulometric generation of standards
and titrants [11,13,14].  Liquid–liquid extractions [26] in-line uni-
variant [23,24,27] and multivariate [22,28] calibrations have also
been accomplished. Flow–batch systems have begun to be men-
tioned in ﬂow analysis textbooks as well [4,29].
Flow–batch analyzers are instantaneous stop-chamber ﬂow sys-
Open access under the Elsevier OA license.tems, which integrate batch and ﬂow analysis methods into a single
approach, through the use of programmed multi-commutation.
The main component of the manifold is the mixing chamber (MC)
into which different solutions can optionally be deﬁned, added,
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Fig. 1. (a) Schematic diagram of the FBA and (b) photograph of the micro-chamber
with its dimensions. Micro-chamber (CH); peristaltic pump (PP); mini-solenoid
valves for reagent (VR), sodium acetate/acetic acid buffer pH 5.5 (VB); standard work-
ing solution or samples (VS); water (VW) and waste discard (VD); CD/DVD-ROM driveS.S. Monte-Filho et al. /
r removed with complete control [30]. This hybridization retains
he reliability of classical batch mode methods, within a fully
omputer-controlled (in ﬂow) system. A ﬂow–batch system can
e viewed as a multi-purpose analytical accessory, easily attached
o conventional equipment for instrumental analyses. The main
dvantage of the ﬂow–batch analyzer is that classical (discrete)
ethods can be utilized (in-ﬂow) with precision and speed, and the
nalytical methods can be chosen and developed on software. FBA’s
resent precision and accuracy equal to FIA systems with com-
arably high sampling frequencies, yet with discrete throughput,
ess consumption, less reagent/sample manipulation, less chemical
aste, and less chance of human error which results in a lower cost
er analysis.
Since the introduction of “lab-on-a-chip” devices in the early
990s [31], miniaturization of analytical assays has become the
eality for analytical instrumentation [32–36].  Besides portability,
impler operation, and time savings, miniaturization of analytical
nstrumentation brings dramatic volume reductions for reagents,
amples, and waste. Miniaturization itself has become as important
o analytical chemistry as the microchip is to electronics.
The ﬁrst studies proposing micro-fabrication were based on
he existing techniques of the microelectronics industry, or using
he silicon substrate. These were adapted to quartz and glass, and
lthough glass is the preferred material for use in micro-ﬂuidic sys-
ems, the cost of producing systems in glass has driven the search
or other materials.
The use of polymeric materials brings many beneﬁts for sim-
liﬁed manufacturing. Microﬂuidic systems based on polymeric
aterials produced by photolithography [37], hot molding [38],
aser ablation [39] and direct printing with polyester–toner sys-
ems [40] are already in general use. Fernandes and Ferreira [3]
eveloped an alternative micro-fabrication method using photo-
ensitive urethane–acrylate oligomer resin. The resin polymerizes
hen exposed to ultraviolet radiation at 330 nm,  and results in the
ormation of channels from 100 to 1000 m deep. Two sheets of
rethane–acrylate photo-resist were fabricated using deep ultra-
iolet lithography and then joined and sealed with UV, to form a
nique micro-ﬂuidic device.
In this study, a micro-fabrication technique based on deep ultra-
iolet lithography and photo-polymerizable urethane–acrylate
hoto-resist was used to develop a micro-ﬂow–batch analyzer
FBA). It included an integrated photometer (light emitting diode
LED)/(PT) phototransistor pair) used for detection, and an inserted
ylon thread micro-mixing/homogenizing system. The proposed
FBA was used to determine Fe(II) in iron-based supplements (oral
olutions) using the 1,10-phenanthroline method [41–43],  and the
esults were compared to a manual UV–vis photometric procedure
as reference) with the same oral samples. Details of the micro-
abrication process are presented.
. Experimental
.1. Reagents, solutions and samples
All the reagents were of analytical grade unless otherwise stated,
nd all dilutions were carried out using double distilled, de-ionized
ater (18 M cm−1).
A stock solution of 100.0 mg  L−1 Fe(II) was prepared by dis-
olving 0.702 g of (Fe(NH4)2(SO4)2·6H2O), 1 g of ascorbic acid and
0 mL  of concentrated H2SO4 in a 1 L volumetric ﬂask. The acetate
uffer pH 5.5 was prepared from 0.10 mol  L−1 of acetic acid and
.10 mol  L−1 of sodium acetate. The reagent solution (0.10% (w/v)
f 1,10-phenanthroline) was prepared by dissolving 0.100 g of 1,10-
henanthroline in 1 mL  of concentrated HCl and 50 mL  of water and
hen diluted quantitatively to the mark in a 100 mL  volumetric ﬂask.motor (DM); nylon thread micro-mixer (NTM);  electronic actuator (EA); micro-
computer (MC); light emitting diode (LED); phototransistor (PT); electronic circuitry
for  the LED/PT photometric pair (EC).
urethane–acrylate photo-resist (Macdermid, trademark Flex-
light M050) was acquired from Carimbos Medeiros Ltda, São Paulo
– Brazil.
Before analysis with the proposed FBA and the reference
method, each iron-based supplement (oral solution) sample was
diluted 1:2500 with 2% (v/v) of H2SO4.
2.2. Apparatus
For construction of the FBA, a commercial photo-exposure
machine (Fotolight-MD2-A4, Carimbos Medeiros Ltda, Brazil), with
two  sets of mercury lamps (F15 W T12 Sylvania black light) were
used to expose the urethane–acrylate photo-resist to UV  radiation.
Overhead transparencies used as photo-masks were printed with
a laser printer (HP LaserJet P2014). The micro-device was designed
using CorelDRAW® X3. The revelation of the polymeric substrate
after UV exposition was done by removing the non-exposed resin
with an ultrasonic bath (model Ultracleaner 800A, Unique, Brazil).
A model 8453 Hewlett-Packard (HP) diode array UV–vis spec-
trophotometer, equipped with cuvette (with an inner volume
of about 4 mL  and an optical path of 1.0 cm)  was  used for the
absorbance measurements employing the reference method.
2.3. The FBAFig. 1a presents the schematic diagram of the FBA. To
propel the solutions, an 8-channel peristaltic pump (Ismatec®,
Switzerland) operating at 10 rpm was  used. Minisolenoid valves
(model LHDA 0531415H, Lee Company, USA) were employed to
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tFig. 2. Manufacturing p
ontrol ﬂow directions and volumes. Teﬂon® tubes with 0.5 mm
nternal diameters were used to transport ﬂuids.
A nylon 0.4 mm ﬁshing line was used to ensure adequate mixing
f the solutions inside the micro-chamber. The nylon thread was
dapted to a CD/DVD-ROM drive motor (model MDN3GT3CPAC,
000 rpm, 5 V d.c.), which controlled the mixing. Of course, the
ylon thread entrance into the micro-chamber is left unsealed. So
hat, when solutions are introduced or removed from the micro-
hamber, the inner air escapes by this air passage (in/out).
A simple laboratory-made photometer [44] using a 5.0 mm
iameter LED (light emitting diode) as light source, and a 5.0 mm
iameter phototransistor as detector was built in to the FBA
nd employed for absorbance measurements. Its performance was
valuated for photometric determinations of Fe(II) in iron-based
upplements (oral solutions) with 1,10-phenanthroline (Phen) as
 complexing agent [41–43].  Due to the broad absorption spec-
rum of the Fe(II)–Phen complex (about 510 nm), a green LED with
aximum emission at 522 nm was used as the light source.
All related FBA tasks, such as data acquisition, valve, and
rive motor activation, were performed through a USB interface
USB6009, National Instruments®, USA), which activates a lab made
ontroller module. The controlling software was  developed in
abVIEW® 5.1 (National Instruments®, USA).
Fig. 1b presents an image of the FBA ready for use,
hich is inserted in a closed plastic black box with dimensions
.5 cm × 10.0 cm × 4.0 cm,  to prevent effects of spurious radiation
hen the FBA is in operation.
.4. The manufacturing process of the FBA
The manufacturing process of the FBA was based on that
escribed by Fernandes and Ferreira [3]. As shown in Fig. 2, identical
hotolithographic masks were printed on overhead transparen-
ies using a laser printer (HP LaserJet P2014), and afterwards were
uperimposed and visually aligned employing a stereomicroscope
Carl Zeiss, model Stemi 2000C). They were then placed between
 2 mm acrylic plate, and a 3.4 mm  rubber frame to form a mold
Fig. 2a), that deﬁnes the thickness of one layer of the micro-
hamber. The urethane–acrylate photo-resist was then spread
Fig. 2b) into the mold, which was closed using another acrylic plate
s presented in Fig. 2c. The mold was subjected to exposition under
V radiation for 50 s using the upper lamps of the photo-exposure
nit (Fig. 2d), and then for 100 s using the lower lamps (Fig. 2e).
fter exposure, the unexposed resin was removed in an ultrasonic
ath with a 2% (v/v) detergent solution for 10 min, and dried under
 nitrogen ﬂow.
Two different layers were prepared so that, when joined, they
ould form the channels, micro-chamber, and cavities to support
he LED and the PT (Fig. 2f). Then, both layers were joined and sealed
y exposure to UV radiation in a nitrogen atmosphere for 15 min
Fig. 2g). The process causes irreversible plate adhesion. Finally, a
hin layer of liquid resin sealer was applied to the exterior surfacess diagram of the FBA.
of the Teﬂon® tubes, LED and PT, adapted to FBA and exposed to
UV for 15 min  (Fig. 2h). The nylon thread micro-mixer (ﬁshing line)
is inserted after the resin sealer is applied. The optical path of the
FBA photometer is about 0.6 cm.
2.5. Analytical procedure for the FBA
Before starting the procedure, the working solutions of each
channel are pumped and recycled towards their ﬂasks (Fig. 1a).
Afterwards, valves VW VS, VR and VB are simultaneously switched
ON for a time interval of 3.00 s, and the working solutions are
pumped towards the micro-chamber (CH) to ﬁll the channels
between the valves and the CH. Then, immediately, valve VD is
switched ON for 5.00 s, and the excess solution in the CH is dis-
carded by peristaltic pump (PP) aspiration. This channel ﬁlling and
CH evacuation process should be performed whenever changing
ﬂuids or reservoirs to avoid superﬂuous air in the channels.
The FBA analytical procedure for Fe(II) determination in iron-
based supplements (oral solutions) using the 1,10-phenanthroline
method is brieﬂy described using the FBA diagrams and control
timelines presented in Fig. 3. This procedure carries out in-line
preparations in the micro-chamber (CH) of the blank (Fig. 3a),
the calibration solutions (Fig. 3b), and the sample (Fig. 3c). The
time intervals employed for each in-line preparation are for the
driver motor (DM), valve switchings (VW, VS, VR, VB and VD), and
absorbance measurements (A). Each preparation Fig. 3a–c includes
the required programmed mixing/homogenization of the CH con-
tents, absorbance measurements, emptying, and cleaning of the
chamber. In Fig. 3b, tW and tS represent water and working solu-
tion addition times. These times vary in proportion to the standard
solution concentration being prepared. Homogenization is carried
out by switching ON the drive motor, and after absorbance mea-
surements, the CH is emptied by switching ON valve VD, It is then
cleaned by simultaneously switching ON valve VW and DM,  to add
water to the CH and agitate. Soon afterwards, valve VD is switched
ON to discard the contents of the CH. This cleaning/evacuation
procedure should be performed at least three times in order to
guarantee efﬁcient cleaning of the CH. All preparations are done
using a peristaltic pump ﬂow-rate of 32.0 ± 0.2 L s−1 (n = 10) for
all channels.
For in-line blank preparation, valves VW, VR and VB are simul-
taneously switched ON at the times indicated. Water, reagent and
buffer are brought into the CH, mixed and the blank absorbance
is measured.
The in-line preparations of calibration solutions with 1.0, 2.0,
4.0, 6.0, 8.0 and 10.0 mg  L−1 of Fe2+ were completed using a
standard working solution of 20.0 mg  L−1 Fe(II), which itself was
prepared by adequate dilution (1:5) of a standard stock solution
100.0 mg  L−1 Fe(II). In these preparations, valves VW, VS, VR and
VB are simultaneously switched ON at the indicated times. Water,
standard working solution, reagent and buffer are sent into the
S.S. Monte-Filho et al. / Talanta 86 (2011) 208– 213 211
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wig. 3. The FBA diagrams and control timelines for in-line preparations in the m
ample. In (b), tW and tS represent water and working solution addition times. The
ime  intervals (in seconds) are for the driver motor (DM), switching valves (VW, VS,
CH, homogenized, and the absorbencies of the calibration solu-
ions are measured.
For in-line preparation of the samples, previously diluted
1:2500) iron-based supplement (oral solutions) samples were
sed. The procedure is similar to the in-line preparation of calibra-
ion solutions. The difference is that the samples are used instead
f the standard working solution.
.6. Analytycal procedure of the reference method
For comparison, the proposed FBA performance was  evaluated
gainst a manual reference UV–vis spectrophotometric method
nalyzing the same oral supplement samples. In the manual
rocedure calibration solutions with 1.0, 2.0, 4.0, 6.0, 8.0 and
0.0 mg  L−1 Fe2+ were prepared by taking 20 mL  of reagent (1,10-
henanthroline), 10 mL  of buffer (acetate buffer pH 5.5) and 1.0,
.0, 4.0, 6.0, 8.0 and 10.0 mL  of 100.0 mg  L−1 Fe(II) standard stock
olution and completed with water to the mark of a 100 mL  volu-
etric ﬂask. Afterwards, 50 mL  of each previously diluted (1:2500)
ron-based supplement (oral solution) sample, 20 mL  of reagent
nd 10 mL  of buffer were transferred to a 100 mL  volumetric ﬂask
nd completed with water to the mark. Finally, about 3 mL  of each
alibration solution and each of the sample Fe–Phen complexes
roduced were transferred to the cuvette and their absorbencies
easured at 510 nm.
. Results and discussion
.1. Characterization of the FBA
Deep UV-lithography is easily reproducible and utilizes adhe-
ive sealing in which two layers, partially cured by exposure to UV,
re put in contact and polymerized. Due to the risk of clogging, the
echnique requires caution and optimization of the exposure times
2]. The resin was ﬁrst submitted to an infrared analysis to verify
he minimum time required for polymerization of a 3.0 mm thick
ayer with constant UV exposure. The absorbance at 8840 cm−1
as measured from 20 s to 600 s of exposure time. The chosenchamber of (a) blank, (b) calibration solutions with 1.0–10.0 mg L−1 Fe2+,  and (c)
es vary in proportion to the standard solution concentration being prepared. The
B and VD), and absorbance measurements (A).
wavelength is dependent on the vibrations of acrylate groups CH
and CH2 at the second overtone. The absorbance decreases as the
polymer is produced, and acrylate groups located at the end of the
oligomer chain are consumed [45]. After about 400 s absorbance
reaches a minimum value, which does not change signiﬁcantly dur-
ing the exposure. A minimum time of 15 min  is stipulated to ensure
effective sealing of the layers. After curing the photo-resist, a col-
orless and transparent material is obtained that does not absorb
radiation in the visible range, allowing the use of optical detectors
[3].
Fonseca et al. [1] demonstrated the necessity of using photo-
masks with lines wider than 200 m to produce channels, which
will not clog during the sealing process (due to irregularities in
toner deposition). They also observed that the depth of the chan-
nels depends on the relative position of the photo-mask (a parallel
exposure to the lamps leads to deeper channels) and the channel
width is always narrower than the photo-mask line, which was
attributed to the light scattering and the use of a non-collimated
radiation beam.
Considering the above, we  proposed the use of two  super-
imposed photo-masks to obtain the deeper and wider channels
required for the micro-chamber of the FBA (Fig. 4). This ﬁgure
shows a simpliﬁed illustration of the effect of two  photo-masks
overlapping in relation to seal perfection (unﬁlled portion of an
ideal printed line). Fonseca et al. [1] demonstrated that a toner
printed line has imperfections in the printed limit of this line,
which can be considered as random (noise). Consequently, one
can assume that with two  superimposed transparencies the def-
inition of the borders of the channels and the micro-chamber is
improved (Fig. 4a). This overlapping acts on the non-collimated
beam (Fig. 4b) by minimizing radiation with a smaller angle of
incidence (1) on the resin at the expense of radiation with
a higher angle of incidence (2). This phenomenon combined
with parallel positioning of the design to the lamp overlapping
allows the formation of deeper channels with better deﬁned edges.
By eliminating the use of printed photo-masks and phototype-
setter technology the construction process becomes simpler and
cheaper.
212 S.S. Monte-Filho et al. / Talanta 86 (2011) 208– 213
Fig. 4. (a) Simpliﬁed illustration of the effect of two photo-masks overlapping
in  relation to seal perfection (unﬁlled portion of an ideal printed line), with two
superimposed transparencies the deﬁnition of the borders of the channels and the
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Table 1
Results for Fe(II) determinations (mg L−1) in iron-based supplements (oral solutions)
by  using the FBA and the manual UV–vis spectrophotometric method.
Samples FBA Manual
1 3.9 3.9
2 4.4  4.3
3  4.1 4.1icro-chamber is improved. (b) Simpliﬁed illustration of the effect of two  superim-
osed photo-masks on the non-collimated UV beam with a smaller (1) and larger
2)  angle of incidence.
The micro-chamber depth is twice the supporting layer depth of
he LED and the PT. Fitting of the photometric components depends
n the elastomeric properties of the material. However, both the
ED and the PT had to be cut and polished to provide the correct
ptical path, and to prevent any dead space between the compo-
ents and the micro-chamber wall.
In the macroscopic FBA, the dilution/mixing/reaction cham-
er contains a magnetic stirring bar to allow all the chemicals to
e thoroughly mixed similarly to classical batch analysis meth-
ds. Mixing and dilution of reagents, samples, and other solutions
an be easily controlled through software. For the FBA, reduced
imensions made it impossible to use a magnet bar inside the
icro-chamber. To overcome this difﬁculty, a stirring rod with a
at end (shovel-shaped) was formed from a nylon thread. The com-
lete mixing of solutions within the micro-chamber was obtained
n under 2 s, due to the high speed of the CD/DVD-ROM drive motor.
ig. 2h shows, in perspective, the three-dimensional model devel-
ped accommodating the stirring rod, tubing, LED, and PT.
.2. The FBA evaluation
The equations for the analytical curves obtained using the FBA
nd the reference method are respectively: A = 0.018CFe(II) + 0.023
r2 = 0.998) and A = 0.14CFe(II) + 0.14 (r2 = 0.9993). Both curves are
inear in the 1.0–10.0 mg  L−1 Fe(II) range. The analytical curve of
he FBA presents less slope or sensitivity, because the absorbance
easurements are carried out using a LED/phototransistor pair,
hich has a shorter optical path (about 0.6 cm)  and uses a green
ED with a maximum emission of 522 nm as its light source. In
[
[4 4.3  4.3
5  4.1 4.1
R.S.D. (n = 3) 1.1% 0.2%
the reference method, absorbance measurements were performed
using 510 nm,  and a cuvette with an optical path of 1.0 cm.  The
spectrum of the Fe(II)–Phen complex has a maximum absorption
at 510 nm.  We believe that using a 510 nm LED, and increasing
the optical path to 1.0 cm will give similar results to our reference
method by augmenting sensitivity.
Table 1 shows the results obtained in the determinations of Fe(II)
for the iron-based supplements (oral solutions) using the FBA,
and the reference method. No statistically signiﬁcant differences at
a conﬁdence level of 95% were observed between the results when
applying the paired t-test.
The FBA presented a high analytical frequency of
120 samples h−1, low relative standard deviations (about 1.1%), and
reduced reagent consumption (30 times less than the reference
method).
4. Conclusions
This study proposed the fabrication of a micro-ﬂow–batch ana-
lyzer, which was  accomplished by employing deep UV-lithography
with photo-polymerizable urethane–acrylate photo-resist. The
micro-fabrication technique proved to be simple and reproducible.
The use of two superimposed overhead transparencies enables
deep micro-channel and micro-chamber creation and avoids clog-
ging. The system was accurate when applied to the determination
of Fe(II) in iron-based supplements. With few manufacturing steps,
it was possible to both project and build a low-cost microprobe, dis-
playing high frequency discrete sampling throughput comparable
with normal ﬂow-batch systems [5–28].
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